Introduction
This report describes measurements performed by staff at the Pacific Northwest Laboratory (PNL) to determine the radionuclide content and verify the mass of special nuclear material (SNM) stored in casks buried on the Hanford 'Site. The casks contain spent nuclear fuel. This information is needed to characterize the curie content of each cask and the total curies in the storage area.
The Experimental Breeder Reactor (EBRII) casks are situated on an asphalt pad in two rows in Trench 1, Burial Ground 4C in the 218-WAC-200 West Area of the Hanford Site. The casks are spaced with 1.5-m (54) centers to ensure criticality safety and to facilitate access.
Gamma assay techniques typically used for nondestructive assay (NDA) determined the gammaemitting isotopes in each cask, which are fission and activation products from the spent fuel. An intrinsic germanium detector was used to measure the gamma ray spectra of the fission and activation products. From the gamma ray intensities measured and the decay scheme of specific radionuclides, it is possible to obtain reasonably accurate estimates of the amount of specific garbma-emitting radionuclides. The majority of the nontransuranic activity originates from fission products I3'Cs, I'Eu, and 134Cs and from the activation product 6oCo.
J
Following a brief explanation of the gamma and neutron measurement techniques used, this report discusses the process of measuring the radionuclide content of the casks (Section 2.0) and reports on the analysis of the data (Section 3 . 0 ) :
To verify that the plutonium content was as assumed, passive neutron counting was also done because 244Cm masked gamma emissions from the plutonium. The plutonium content was estimated by correlation with the 244Cm neutron emissions. Fast neutrons from plutonium are highly penetrating and can be easily detected through several inches of shielding. A slab neutron detector containing five 3He proportional counters was used to determine the neutron emission rates and estimate the mass of plutonium present. The measurements followed the methods and procedures routinely used for nuclear' waste assay and safeguards measurements. .
GammaAssay
Gamma assay has an advantage over neutron assay in that the emissions are primarily from the principle isotopes of interest. High-purity intrinsic germanium (HPIG) detectors provide very high resolution for the individual gamma rays and allow separation of mixed isotopes gamma energy lines. Attenuation corrections are necessary when a point-line-area calibration has,been performed without correction for container absorption during the initial calibration. The measured response must be corrected using the following formula:
where C, , = corrected response (cts/s) C , , , = measured response (cts/s)
.p = density'of the container material (g/cm3) x = thickness of the material (cm).
Sample self-attenuation corrections can be estimated by initially computing the quantity as if there were no self-attenuation. and later correcting once the thickness can be estimated. The equation for the self-attenuated correction factor (CFJis as follows:
where %m = corrected SNM (g).
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-- Step 1
Step 2.
Step 3
Step 4 Step 5 Step 6 Step 7
Step 8
Step 9
Set up the assay system components in the laboratory and perform pretest verifications.
Perform energy calibration and measurement control procedure, completing Exhibit A of NDA Assay Procedure MCA-510.
Perform calibrations for the assay scenario. In this case a collimated HPGe detector was positioned at a known distance from small calibrated gamma sources.
Move instrumentation to location and verify no damage has occurred. Perform an energy calibration and measurement control procedure, completing Exhibit A of NDA Assay Procedure MCA-5 10.
Determine ambient background(s) at the counting location and evaluate counting techniques to assure that the background will not compromise the measurement. Transfer data and analyze using software acquisition and analyses codes; and computer spreadsheets. Retain the original data for archive, logging the N e name on the Exhibit B, '
PNL NDA Analysis LogReport.
Evaluate the data results and determine the appropriate correction factors, including the detector filters. Initial basic assumptions are made of the source material, one being that the sample self-attenuation is negligible. Actual attenuation correction factors can be applied after measurements are made and more reasonable assumptions are determined as to the material matrix and configuration. All counts measured are corrected by the attenuation correction factors (CF). Generally, a density value in grams per cubic centimeter (g/cc) is derived for the item based on gross weight of the container minus the container weight and/or shielding and/or packaging materhls. This matrix density value is used for the attenuation corrections for the gamma energies measured.
Perform the analysis, review the results and issue a report..
The thickness of the material can be estimated from the container volume and the density of the deposit:
where Kp is the calibration constant for point source (g-s/cts.cm*) and r is the distance between the detector and the center of measured item (cm). ,
1.3
Area source measurements calculations are computed as follows:
where K , is the area-source calibration constant (g.s/cts.cm*) and a is the measured area (cm2).
Attenuation corrections can be determined by calculation or transmission measurements. Although in practice this correction is merely an estimate, it is important to make this correction for every holdup measurement. Miscalculation or neglecting of self-absorption and attenuation corrections can result in an underestimation of the material in holdup.
The data report package includes the NDA Log numbers for the items assayed as a reference to the measurement data files from which the analysis was derived. The NDA Log numbers are maintained as Project Files by the PNL NDA Program. Additional documentation is described in the report or the test plan associated with the assay. Measurement data files, or raw data files, are maintained according to the Records Inventory and Disposition Schedule (RIDS) for the PNL NDA Program, applicable waste acceptance criteria, and regulatory criteria. .
Neutron Assay
Passive neutron counting is a recognized technique for nondestructive assay of plutonium and is described in Chapter 14, "Principles of Neutron Counting" in the book, Passive Nondesmctive Assay of Nuclear Materials, NUREG/CR-5550 (Reilly et al. 1991) . Neutrons emitted by plutonium originate from two main sources: 1) spontaneous fssion of even-numbered plutonium isotopes and 2) alphaneutron reactions with any low-atomic-number materials in intimate contact with the plutonium. Most of the neutrons originate from "*Pu, 24oPu, and % I A m , which is the decay product of the short-lived nuclide 241Pu. Thus, it is important to know not only the isotopic composition of the plutonium, but also the time since chemical separation or the %lAm content to be able to estimate the neutron contribution from %lAm. neutron reactions can exceed the spontaneous fission production from plutonium. Alpha-neutron reactions in compounds, such as plutonium oxide, can double the number of neutrons emitted. But any alpha-emitter in contact with low-atomic-number nuclides will produce neutrons. For example, transuranics that are in intimate contact with beryllium, boron, al&um, or sodium will produce neutrons. The neutron emission rates from alpha-neutron reactions can be' tens to hundreds of times higher than from pure plutonium metal: many practical situations, the number of neutrons produced by alphaIn the case of extremely high bum-up material or americium targets, neutron emission rates from 244Cm can be higher than those from plutonium. In these cases, the plutonium content must be inferred by correlation using historical data to relate plutonium content with mCm content or neutron emission rates.
The methods used to measure the neutron emission rates from plutonium are virtually identical to those presented previously in the section on gamma assay,, including the,use of the same forms to record data. The details of the procedures need not be repeated here. However, because neutrons readily scatter from earth and concrete, some additional measurements are necessary to correct for the effects of scatter. These methods are outlined in the National Bureau of Standards (NBS) Special Publication 633 (Schwartz and Eisenhauer 1982) using procedures that were originally developed at.
PNL for neutron flux measurements.
1.5

Measurements
The measurements were conducted according to the following documents:
Solid Waste Operations Work Plan, SW-WP-0078
Quality Assurance (QA) Plan QAP FO-1, QA plan for the Safeguards ADA PNL Nondestructive Assay Measurement Procedure MCA-510, Holdup Assay Measurements.
-2.1 Measurement and Test Equipment
The neutron apay system is a "user to calibrate" system. The individual components are configured and tested as a system, and then the entire system is calibrated with appropriate calibratiodverification standards. The gamma assay system is calibrated with gamma check sources with calibrations tfaceable to the National Institute of Standards and Technology (NIST).
Calibration Standards
Calibration standards are used in a measurement system to establish the relationship between the basic instrument response and the attributes of interest. The quality of the calibration is ensured by selecting the appropriate standard. In this case, the count rate from neutrons, the amount of shielding, and the orientation and distance from the detector to the neutron source are related to the mass of plutonium. The calibration of the gamma assay equipment is more straightforward. The counting efficiency of the gamma spectrometer is measured using calibration sources of known activity and photon emission rates.
Records indicate that the material in the casks was from a wide variety of sources, including both low-exposure and high-exposure reactor fuel samples. Two neutron sources were selected for use in CaIibratingheriQing the neutron detector assay system. The first was a small 0.3-pg "Cf neutron calibration source whose neutron dose rates have been deterinined by comparison with other neutron sources whose calibrations are directly traceable to the NIST. This source has a neutron energy spectrum very similar to that of plutonium dioxide." This source waii used to determine the angular efficiency of the slab detector in the laboratory prior to the measurements at 200 West.
A sample of weapons grade plutonium oxide was selected as the reference material standard for determining the basic instrument response for fie attributes of interest. The isotopic composition of this reference source is shown in 
Measurement and Quality Control
The measurement personnel had the complete responsibility for monitoring and evaluating the quality of the data. Any indication that the system is out-of-control (i.e., significant gain shifts in the position of the thermal neutron peak or high gamma levels that produce pile-up in @e neutron events) required the stoppage of work until the problem was resolved. Before NDA measurements were initiated, the overall system was calibrated. To verify the proper operation of the neutron assay system, the entire system was assembled in the laboratory and components checked for proper operation. All of the spectral data collected during the measurements were recorded on computer files and can be retrieved if questions should arise.
A verification check was performed before the equipment was used, and the results recorded. The verification check was used to check the position of the thermal neutron peak and verify that the integral of the neutron events remained constant throughout the measurements.. For the gamma assay system, the germanium detector was exposed to a calibration source containing a known activity of . . radioactive material. An analysis of photopeak areas and channel number was used to verify that the energy and detector efficiency remained constant.
Preparations for Measurement and Test Equipment Used
A slab neutron.detector was selected for the .measurements because of its sensitivity and directionality. With additional polyethylene on the backside of the detector, it is less sensitive to scattered neutrons emanating from the other spent fuel casks.
Neutron Slab Detector System
The neutron detector system consists of: a slab neutron detector contahhg five 3He proportional counters inside a polyethylene moderator ancillary NIM bin electronics (preamplifier, shaping amplifier, high voltage power suppIy) a multichannel analyzer (MCA) to display and record the gamma and neutron spectra from the detectors.
The slab neutron detector consists of an array of five cylindrical 3He proportional counters that are 2.5 cm (1 in.) in diameter by approximately 56 cm (22 in.) long, filled with four atmospheres of 3He to detect slow neutrons. The nominal operating voltage is + 1400 volts. The polyethylene moderator is 15 cm (6 in.) deep, 41 cm (16 in.) wide, and 60 cm (24 in.) long. The detector is a standard design used for NDA safeguards assay and is described in Section 14.4.2 of NUREGKR-5550, Passive Nondestructive Assay of Nuclear Materials (Reilly et al. 1991 ).
The NIM bin electronics include a high-voltage power supply to provide a regulated voltage of + 1400 volts DC to operate the proportional counters and a shaping amplifier to convert the signals from the preamplifier to pulses that can be processed by the MCA. A multichannel analyzer was used * to record the spectra, so that any possible gamma interference or instrument malfunction could be detected immediately. Data from the MCA (Canberra Series 35 Plus) are recorded in a lap top computer with a hard disk for permanent data storage. If there is any question about a measurement, the spectral data can be retrieved and examined at a later time. 
Pretest Verifications
Before the equipment was used in the field, it was tested to ensure proper operation. This was accomplished by a testing in the laboratory under carefully controlled conditions. The equipment was then moved to the measurement locations and a second verification test performed to ensure that the equipment was still functioning properly.
Testing of Electronics
The neutron slab detector and high-pufity gemqnium detector along with supporting electronics were assembled in the laboratory and all of the electronic components were checked to ensure proper operation in the field. The electronics were placed in the NIM bin and the cables connected for the signals, high voltage, and preamplifier power. The methods used to verify the proper operation of the equipment in the laboratory generally followed the methodology given in NUREG/CR-3610 (Brackenbush et al. 1984) and measurement procedures in NDA-510. Figure 2 .1 shows the pulse height spectrum from the slab neutron detector. The sharp peak corresponds to the events produced by the absorption of thermal neutrons in the 3He tubes; it demonstrates that all of the 3He tubes have matched gains and are functioning properly. Photons produce low-energy depositions and can be readily discriminated on the basis of pulse height. In Figure 2 .1, the discrimination between neutron-induced and photon-induced events is indicated by the arrow indicating the "start of neutron events."
Angular Response Measurements
The first set of calibratiodverification measurements was made in the ESB Building laboratory using the 0.3 pg %f neutron source to set up the system electronics and determine the angular response of the slab detector. The angular response of the 15-cm (6-in.) slab neutron detector exposed to the W f fission vertically on a turntable; the neutron source was at a distance of 2.m (6 ft) from the center of the 3He tubes. The angular response measurements demonstrated thatthe response was reasonably constant for neutroni entering from the front, so that small errors in positioning would have little effect on the measurements. Also, the response for neutrons enterkg the back.was about half of that for neutrons entering from the fiont. This reduces the interference from background neutrons.
Calibration of Slab Detector With Plutonium Oxide
The slab detector was also calibrated in the 324 Building by exposing the detector to a 108-g sample of plutonium oxide (LLNL sample RA'146A) at a height of 1.2 m (4 ft) above the floor and in a vertical configuration. The 108-g plutonium source has been described previously in Section 2.2. The data in Table 2 .2 were used to correct neutron response due to ma& effects ofthe EBRII casks. . ' 
Neutron Measurements in 200 West Area
This section describes the neutron and photon measurements performed on the casks, which were stored inthe 200 West Area. This included operational checks, background measurements, as well as the actual cask measurements. 
Operational Check
After the preliminary measurements were completed in the laboratory and the system was functioning properly, it was moved to the 200 West Area. Here, the neutron detector was connected to the MCA via 30-m (1004) cables, so that the operator could remain in lowdose-rate areas while the detector was positioned near the cask. After the operational check indicated that the system was still functioning properly, it was ready for neutron measurements on the casks. 
Background Measurements
Any other neutron sources could contribute significantly to the neutron count rate, so careful background measurements were made before any measurements were made on the casks. The detector was designed to have a directional response, so that fission neutrons entering from the back would be counted with only half of the efficiency of those entering from the front of the slab detector. The slab detector was positioned in a vertical orientation to measure the general background. 
2.5
Measurement Scenario
The;! The nondestructive assay of the 36 casks stored in the trench was performed on swing shifts on September 22 and 27, 1994. A neutron slab detector was used to count passive neutrons from spontaneous fission and alpha-neutron reactions. A shielded high-purity germanium detector was used to measure gamma-emitting radionuclides from each cask. .
The casks are situated on an asphalt pad in two rows with each cask spaced on 1.5 m (5 ft) centers.
This arrangement provides the necessary spacing for criticality safety and facilitates access for moving and characterization measurements. Measurements were conducted under Westinghouse Hax$ord Company (WHC) Work Plan SW-WP-0078 for working in and.around the trench. The Pacific Northwest Laboratory furnished all measurement equipment and qualified measurement personnel. The Pacific Northwest Laboratory NDA van was used to move equipment and personnel to the measurement site. The van is a self-contained RV with its own electrical generator, on-board computers, and necessary ancillary equipment. Westinghouse Hanford Company provided the crane operators, health physics technicians, riggers, and other ground-support operations personnel for the cask characterization.
Cask-handling and measurement sequence was basically conducted as follows:
2.6
Analysis of Data
Results of measurements, by PNL personnel, on 37 EBRII casks are presented in Tables 3.1, 3 .2, and 3.3. Neutron .and gamma spectral measurements were taken on the 36 casks in trench 218-W4C- 200W and one in the 327 Building 300 Area. The experimental irradiated spent fuel specimens were generated as part of the mixed oxide fuel and breeder programs. As such, the casks contain a variety of plutonium and uranium fuel loadings in the same cask. This presents some challenging problems in quantifying 10 CFR 61 radionuclides as'well as determining burn-up information from gamma spectral data. The '34Cs/'37Cs ratios are generally used to indicate fuel burn-up values. However, in this case, just the 137Cs was used to determine burn-up. Data on time since discharge was not known for these casks; therefore, back-calculating to the time of removal from the reactor (time zero) for '% was not possible. Burn-up values were determined by comparing the total curies of l9Cs per gram quantity of present in the fuel to the curies generated per megawatt daydmetric ton of fuel, as calculated by the computer code ISOGEN. It was assumed that there were 5000 days post-irradiation and 25 % plutoniumhatural uranium mixed oxide fuel. This information was used to determine the quantity of 10 CFR 61 radionuclides present in the spent fuel.
One cask, #SN065 (container number 300-24), was stored in the 327 Building in the 300 Area.
Results of Neutron Measurements
Plutonium and uranium quantities were taken from shippers' values. This data provided 2AoPu .
weight percent values, grams of plutonium and uranium, and percent of %U. Verification of SNM was accomplished using neutron measurement data. The neutron data is plotted as neutron countshecond versus grams of 2AoPu effective and presented in Figure 3 .1. The data has a linear correlation and verifies accepted book values for 29 of the casks.
Seven of the remaining eight casks have extremely high burn-up values and cannot be grouped with the other 29. Seven of these casks contain significant quantities of 2A4Cm, which has a very high neutron yield. From a neutron emission rate standpoint, most of the neutron emissions originate from 2AQCm; thereis simply not sufficient 2AoPu present to account for the.high neutron emission rates. 
Neutron Counts from EBRll Casks
3.4
In Figure 3 .2, the grams ofmCm are plotted as a function of 13Cs. There is a con'elation, but not as good as the 2AoPu data. The outlier in this data group is NDA Log #A94205, which contains 2Q1Am target material. Two of the casks have slightly different dimensions from the standard EBFUI casks. The cask for NDA Log #A94205 contains ='"Am target material and the other cask, #A94206, contains leached recycled fuel hulls. The seven casks containing recycled fuel have mCm in sufficient quantity to totally mask the neutron component from plutonium. The data were corrected to neutrons/second ' and then divided by 1.08 x lo7 neutrons/second/gram of mCm to give the mass of mCm. 
Results from Gamma Spectral Data
Gamma spectra from the cask measurements are presented in Figures 3.4 to 3.8. Table 3 .24sts directly measured curies of lnCs; '%Cs, '54Eu, and %o. Radionuclides directly identifiable from the gamma spectral data are '%, *%, ' %o, wEu, and (a08T1). The ISOGEN code approximation was used for quantifying 10 CFR 61 radionuclides as shown in Table 3 .3. The transuranic isotopes and quantities are based on shippers' book values, as listed on DOE/NRC-741 forms. Only radionuclides that contribute 1 % or more to the tota1,activity are listed in Table 3 .3 as required in WHC-EP-0063, Rev. 4.
Measurements of 2736-ZD Vault
Afcer the initial inventory verification measurements were completed, three of the EBRII casks containing plutonium fuel elements were moved to the Plutonium Finishing Plant and placed'in the 2736-ZD storage vault. This is a storage vault constructed from a concrete cylinder with 8-inch-'thick walls and a cap welded in place. It was necessae to confirm that the plutonium fuel elements were still in place without opening the structure, which would have been prohibitively expensive. The attribute measurements were performed using neutron detectors. The same slab neutron detector described previously in Section 2.3 was used to measure the neutron emissions around the circumference of the Figure 3 .9. Ixi this figure, the zero-degree position is at the south side of the structure.. The pattern of neutron intensity measured every 30" shows that three distinct fuel elements are inside the structure. From previous measurements of the neutron emission rates, it is possible to estimate the position of each cask inside the structure. Based on neutron emission rates, cask 300-16 is on the west side, cask 300-15 is on the.southeast side, and cask 300-14 is on the north east side. Figure 3 .10 shows a cross-sectional view of the estimated locations of each of the three EBFU fuel elements stored inside the 2736-ZD vault.
A collimated neutron detector was also used to measure the neutron emission rates. This highly collimated detector responds to fast neutrons. The angular response measured =Cf source is shown in Figure 3 .11. The full-width half maximum (FWHM) of the relative response is only 24" wide, which is quite reasonable for fission neutrons. The collimated neutron detector was positioned on the southwest side of the structure, as shown in Figure 3 .10, and the assembly rotated in .
15" increments. The results are shown in Figure 3 .12, which shows three distinct peaks corresponding to the three fuel elements. This is remarkable resolution, considering that the neutrons have passed through more than 20 cm (8 in.) of concrete and are highly scattered. The collimated detector was able to identify the three individual fuel elements in a very short time because it was not necessary to move the entire detector assembly around the circumference of the 2736-ZD vault. Future confirmatory measurements can be made quite quickly with this detector.
the laboratory using a Angle (degrees). The NDA measurements satisfy the original objectives of verification of transuranic content and determination of the nontransuranic curie content of each cask. The plutonium content of 29 of the casks was verified, as demonstrated in Figure 3 .1 in which the plutonium content calculated from the stated inventory value is linearly related to the measured neutron emission rate from the even plutonium isotopes. The remaining casks contain recycled plutonium or americium in which the neutron emissions from the plutonium are effectively masked by the much higher neutron emission rates from 244Cm. For these casks, the 244Cm content was determined by neutron counting, and the plutonium content can be inferred by correlation with the =Cm content. It was also possible to relate the =Crn mass measured by neutron counting to the 137Cs content, which is an estimate of burn up. This linear correlation is demonstrated in Figure 3 .2, which provides an independent method of estimating the 244Cm and hence the plutonium content of these remaining casks. One cask does not fit the linear correlations, shown in Figure 3 .2. This cask contained 12 americium target elements that were discharged from the reactor in 1970. After correcting for decay, the mass of =Cm determined from neutron counting agrees within 10% of the declared 244Cm mas calculated from the irradiation history.
The plutonium and =Cm content declared on the inventory is in good agreement with the measured neutron emission rate. Thus, the plutonium content can be verified either by direct neutron counting for the low bum up mixed oxide, carbide, and nitride fuel elements or by correlation with the 244Cm content of the recycled plutonium or americium spent fuel elements.
. Gamma emissions measured with intrinsic germanium detectors showed five radionuclides (137Cs, 134Cs, %o, 154Eu, and u)8Ti) were present in large enough amounts to be measured through the massive shielding in the casks. Table 3 .2 lists the curie content of the gamma emitters that could be measured through the walls of the casks. The isotopic content of other radionuclides can be inferred from the measured 137Cs content using ISOGEN or other bum up code that calculates radionuclide content as a function of fuel burn up. Table 3 .3 lists the nontransuranic curie content of the casks based on ISOGEN calculations that relate the other radionuclides with the 137Cs content measured by the intrinsic germanium detector. There are some discrepancies between the lHEu content measured for some of the casks and the 154Eu content estimated from ISOGEN calculations. In most instances, accurate lSEu measurements were not possible because od the much greater ' "Cs activity. It is therefore recommended that the nontransuranic curie values given in Table 3 .3 be used for inventory and waste disposal.
